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1. Introduction 
1.1 Background 
 
Decisions are based on knowledge. In forestry, information can be elicited by 
inventories, field measurements and remote sensing. Data acquisition and present 
state assessment are among the main phases in forest planning process (Kangas et al. 
2008). Collected forest data create a basis for the planning process and by that to 
decision making both on strategic and operational level. Value of decisions depends 
on an accuracy of data and how it is taken into account in decision making. 
 
Recently, airborne laser-scanning (ALS) has been found to be a feasible method for 
forest inventories and is currently used in operational projects in Finland, Sweden 
and Norway (Næsset et al. 2004). In ALS systems, a laser-scanner in a flying aircraft 
measures distances to earth surface by emitting and receiving laser pulses or 
continuous wave (Wehr & Lohr 1999). Operational ALS systems are based on laser 
pulses. Pulse density is expressed as amount of laser pulses per m2. The XYZ values 
of laser measurement points are calculated in an earth coordinate system (Wehr & 
Lohr 1999). The point cloud models the earth’s surface and provides an opportunity 
for estimation of forest characteristics. Since the positioning and orientation of the 
laser-scanners has been determined exactly with the integrated Global Positioning 
System (GPS) and Inertial Navigation systems (INS), the accuracy of the estimated 
values has improved (Næsset et al. 2004). Thereafter, airborne laser-scanning has 
proved to be as good as, or even better, than photogrammetric and other remote 
sensing methods when estimating attributes at a stand level (Næsset et al. 2004, 
Uuttera et al. 2006)).  
 
For operational use, the ALS-based forest inventories are carried out, totally or 
partly, by commercial providers (Heikkilä 2009, Kärkkäinen 2009, Laamanen 2009). 
To assure the reliability of those inventories, a statistically reliable, independent and 
cost-efficient method of quality assessment is needed.  The control method has to be 
acceptable to both the customer and the provider. The control studies should yield 
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results which are transparent and unambiguous, and the results should also be 
comparable to earlier studies. 
 
1.2 Some experiences of ALS based Forest Inventories 
 
Earlier, scientific projects of ALS studies were carried out on smaller areas and 
results were mostly relevant for the area in question (Næsset 2007). Recently, ALS-
based inventories in operational projects have been carried out in Norway, Sweden 
and Finland (Næsset 2007, Maltamo et. al. 2007). To some extent, ALS-based 
inventories have also been used in other parts of world, at least in Austria, Canada, 
Germany and USA (Næsset 2007, Maltamo et. al. 2007).  
 
The basic ALS-methods are single tree detection and area based modelling (Maltamo 
et. al. 2007). In single tree detection, a high pulse density (5-30 laser pulses/m2) is 
used for estimation of height and crown width for a single tree. The other attributes 
are estimated by allometric tree models. In area based modelling, attributes are 
estimated for grids or plots by low pulse density (0.5-2 laser pulses/m2) using 
different techniques like k-MSN, Bayesian or regression technique. Especially in 
Finland and in Sweden both methods have been developed (Hyyppä & Inkinen 1999, 
Maltamo et. al. 2004, Næsset et. al. 2004, Maltamo et. al. 2007). 
 
The results in southwest Sweden showed that the Root Mean Squared Error (RMSE) 
for the mean height was 6% at plot level, and it was 3% at stand level (Holmgren 
2003). The RMSE for total volume was 20% at plot level and it was 11% at stand 
level (Holmgren 2003). The results above are based on regression models.  Scots 
pine and Norway spruce were classified with 95% accuracy (Holmgren 2003). Stand 
size was 0.64 ha. Holmgren (2003) found that the RMSEs were similar for different 
pulse densities, varying from 0.1 to 4.3 per m2. Holmgren (2003) tested different area 
based methods and single-tree based methods. The ALS data was collected by a 
helicopter with 130-240 m flight altitude. The results were evaluated by cross 
validation. 
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In southeast Norway, Næsset (2007) reported the RMSEs 3.8% for mean height of 
mature spruce dominated stands and 6.1% for mean height of mature spruce and pine 
stands at stand level. Correspondingly, RMSEs for total volume were 10.6% in 
mature spruce dominated stands and 14.0% in spruce and pine stands. In study of 
Næsset (2007), pulse density was 0.7 per m2 and estimations based on regression 
models. Only the total stand variables were estimated. 
 
In southern Finland, studies have shown that the results of laser inventories have 
been at least as good as or even better than in traditional field inventories (Uuttera et 
al. 2006, Packalén 2009). In the study of Uuttera et. al. (2006) the RMSE for stand 
volume was 18.8% in poorer site productivity and 17.8% in medium and high site 
productivity. The pulse density was 0.5 per m2 and species-specific estimations based 
on regression models. In northern Finland with 0.5 per m2 pulse density, the RMSE 
for stand volume varied from 15.3 % to 16.6% depending on interpreter (Raaterova 
2009).  
 
In eastern Finland, Packalén (2009) reported the RMSE 10.4% for total volume at 
stand level. The RMSEs were 8.5%, 17.6% and 18.4% for mean height of pine, 
spruce and deciduous trees. Study area (2000 ha) located in managed forest area 
dominated by pine and spruce. The pulse density in study of Packalén (2009) was 0.7 
per m2 and estimations based on regression models combined with fuzzy 
classification and k-MNS method. The correspondence of k-MSN predictions and 
field data was 100%. Separate validation data was not used in validation. The 
species-specific attributes were estimated at stand level using a combination of ALS 
data and aerial photographs (Packalén 2009).  
 
In western Finland, the RMSE for stand volume was 18.6 % using fixed area plot 
training data (Maltamo et. al. 2009). The RMSEs were 15.6%, 39.3% and 27.0% for 
mean height of pine, spruce and deciduous trees. Study area (22 000 ha) located in 
managed forest area dominated by pine. Maltamo et. al. (2009) tested National Forest 
Inventory (NFI) sample plots as training data for ALS based inventories and they 
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found that the results were almost as good as with fixed area training plots. The pulse 
density in study of Maltamo et. al. (2009) was 0.6 per m2 and species-specific stand 
attributes were estimated by k-MSN method. Separate validation data was used in 
validation at stand level. 
 
The comparison of accuracy assessment in different studies was found to be 
challenging due to differences in methods, datasets and study areas. Furthermore, the 
assessment level, pre-stratification and the attributes analysed, might vary. The 
assessment might have been done at stand level, at plot level or at tree level. The pre-
stratification of stands can be done according to several characteristic (e.g. site 
fertility, development of stand). The most important attributes in Norway have been 
the total attributes for stand, like mean height, basal area and stand volume (Næsset 
et. al. 2004). In contrast in Finland, species-specific attributes are needed in forest 
management planning (Maltamo et. al. 2007).   
 
In earlier studies, the accuracy of ALS-based inventories has typically been assessed 
at stand level (compartments) or at plot level (e.g. Maltamo et al. 2009, Packalén 
2009, Holmgren 2003, Næsset 2004). Traditionally, compartments have been used as 
an inventory unit. Homogeneous compartments are formed in relation to 
development class as well as site and soil type. Biological, ecological and operational 
issues are combined in compartments (Leppänen et. al. 2008).  The variation of 
timber volume may be high within a compartment. Thus, a new inventory unit – 
microsegment - has been introduced with remote sensing to alleviate the problems 
related to variation within traditional compartments. Microsegments are 
homogeneous in relation to tree height, density and proportion of species. When 
delineation of microsegments is based on stand of trees and mean size of them varies 
between 0.6 ha to 0.8 ha, it leads to reality that some of the units might be too small 
from economical and operational aspects (Leppänen et. al. 2008). However, the 
interest in operational forestry seems to favour the conversion of traditional 
compartments to smaller units, microsegments or clusters of them.  
In most of earlier studies, accuracy and accuracy assessment of ALS-methods relies 
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on the training plots or subjectively selected validation plots or validation plots 
related to training plots (e.g. Næsset 2007, Holmgren 2003, Maltamo et. al. 2009 and 
Packalén 2009). In addition, the study areas have commonly been relatively small. 
An independent accuracy assessment of ALS-based inventory for large areas was 
desired.  
 
1.3 Approaches to the quality assessment 
 
The quality assessment can be approached in three ways 1) assessing the quality of a 
product, 2) assessing the process or 3) assessing both of them. Traditionally, the 
accuracy of produced data is assessed. Control measurements in field have been the 
way to evaluate the accuracy of estimated characteristics (e.g. Uuttera et. al. 2006, 
Haara & Korhonen 2004, Koivuniemi 2003, Pigg 1994, Laasasenaho & Päivinen 
1986).  Due to the lack of analytical methods for assessing the accuracy of remote 
sensing data, comparison to field measurements is needed (Kangas & Lappi 2009). 
The agreement between two methods can be interpreted with different ways bearing 
in mind their special properties (Kangas & Lappi 2009). Beside control 
measurements in field, single tree detection and harvester measurements or 
combination of those are conceivable alternatives for accuracy assessment of ALS-
based inventories. In this chapter, monitoring the ALS based inventory process itself, 
single tree detection and harvester measurements are introduced. 
 
Monitoring the ALS-based inventory process itself approaches the accuracy 
assessment from totally different direction than assessing merely the data produced. 
Process monitoring offers the accuracy assessment in real time. Possibilities to 
monitor the process include studying the direction and selection of reference plots 
and to study the validation report (Peuhkurinen 2009). Representativeness of 
reference plots is assured by reflecting the reference plots against ALS data. The 
visual control of data is part of the ALS process (Peuhkurinen 2009, Savolainen 
2009). The control measurements might be carried out in places, where the nearest 
distances to the reference plots are largest. Large distances indicate that there are no 
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similar reference plots and that the reference data are thus not representative in those 
locations (Savolainen 2009). Both Peuhkurinen (2009) and Savolainen (2009) were 
of the opinion that control measurements in field are reliable and independent way to 
assess the accuracy of ALS inventories, although they might contain measurement 
errors. 
 
In single tree detection, attributes can be estimated for each tree by ALS with high 
pulse density. Meanwhile, ALS based forest inventories are typically carried on with 
low pulse density. Thus, some of scan lines have to be flown with high pulse density, 
if single tree detection is used for quality assessment. With single tree detection the 
dominating storey can be estimated relatively accurately and standwise attributes 
satisfy the demands set for forest inventory (Hyyppä & Inkinen 1999). The problem 
of single tree detection, as with other ALS methods commonly is that all trees are not 
guaranteed to be found. The weakness of single tree detection is in a dense forest, 
where the crown area is underestimated and smaller trees remain invisible (Hyyppä 
& Inkinen 1999).  
 
Recently, research has been directed to detection algorithms and mathematical 
formulas to model those trees missed by single tree detection in dense forest situation 
and solve the underestimation problems (Maltamo et. el. 2007).  According to 
Packalén et. al. (2008) the single tree detection and canopy height distribution based 
modelling produced equal estimates for volume and Lorey’s mean height when the 
estimates were compared by the RMSEs. Height, diameter and volume can be 
estimated with 2 – 4%, 10% and 20 – 30% accuracy (Vauhkonen et. al. 2010). 
Vauhkonen et. al. (2010) used two methods, one where tree delineation and attribute 
imputation is based on ALS data and one where ALS data and aerial photographs are 
combined. Both methods produced notably bias (Vauhkonen 2010). The single tree 
method called FORAN has proven to be good in most treewise estimations, but 
volume of spruce can be underestimated (Barth et. al. 2008).  
 
Identification of tree species has also been difficult. A recent study of Korpela et. al. 
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(2010) shows that tree species can be estimated with 89% accuracy by k-nearest 
neighbour (k-NN) classification, with 90% accuracy by linear discriminant analysis 
(LDA) and with 91% accuracy by random forest (RF) algorithms, when a 
combination of ALTM3100 and ALS50 sensor is used. The results of a study by 
Korpela et. al. (2010) are at the upper limit of readily attainable accuracy. It is 
suggested that this is because the trees were delineated with extreme care. The single 
tree detection might be relatively expensive accuracy assessment method. In 
addition, bias is probable. 
 
Harvester measurements might be one possible method to assess the accuracy of an 
ALS-based inventory. Harvester measurement can be used at least in clear cutting 
areas, but it might be a possible in thinning areas as well. Instead, accuracy of areas 
with no expected management needs to be assessed another way. In some Swedish 
studies, harvester measurements are used with field measurements in accuracy 
assessment of single tree detection (Sveaskog 2009, Barth et. al. 2008). The 
measurement equipment of harvesters has high accuracy in measurements of stem 
height and diameter (Melkas & Visala 2009). According to Melkas et. al. (2009), the 
accuracy of estimated volume with harvester measurements is good for removed 
trees, but not for standwise estimation.  
 
One problem in the use of harvester measurements as an accuracy assessment 
method is that harvested areas might differ from area of microsegment. Other 
problems are related to reserve trees in clear cutting, growing stock after thinning as 
well as small trees and stump volume in both. The attributes of remaining trees need 
to be assessed somehow. Häkkinen (2010) resolved this by laying systematic 
network of relascope plots on thinning areas. Only the basal area of remaining trees 
was measured in those relascope plots. The harvester measurements combined with 
relascope measurements of remaining trees was found to be feasible method to have 
first impression of quality of ALS based inventory (Häkkinen 2010). 
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1.4 Objectives of the Study 
 
The objective of this study is to assess the accuracy of a forest inventory based on 
Airborne Laser Scanning at the microsegment level against independent control 
measurements taken in the field. The agreement between control measurement and 
ALS-based inventory is analysed in four ways. Firstly, values of RMSE and Bias are 
compared with the study by Packalén & Maltamo (2007). This study was used as a 
reference when the accuracy requirements were set for the service provider of 
Kuhmo laser inventory. Secondly, scatter plots with confidence intervals are plotted 
and the placing of identity lines is checked. Thirdly, the Bland-Altman plots are 
employed in the interpretation. Fourthly, the use of pre-fixed tolerance limits are 
examined by combining them with the Bland-Altman plots. 
 
In addition, feasible control method is examined. It should be statistically reliable, 
cost-efficient, short-term, simple and fast to implement.  Finally, a plan of action for 
quality evaluation is proposed.  
 
In summary, there are two main questions. Did the ALS-based inventory meet the 
accuracy requirements set for the service provider in the case study in Kuhmo? How 
should a reliable, cost-efficient and independent quality assessment of ALS-based 
forest inventory be undertaken?  
 
2. Material and methods 
2.1 Study area 
 
The study area covers approximately 50 000 hectares of commercial forest in the 
Kuhmo planning area in the Kainuu (Figure 1). The ALS data was collected on 
September 2008 using a Leica ALS50-II system. Low resolution data with 1 point 
per square meter was captured at 2000 m flying altitude. The aerial photographs per 
annum 2004 were used for interpretation of tree species. Aerial photography in 2008 
failed because of bad weather conditions. 
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The area was automatically segmented into approximately 56 000 microsegments, 
with a mean size of 0.64 hectares. The microsegments were delineated according to 
tree height, density and proportion of tree species present (Leppänen et. al. 2008). An 
example of delineation is shown in Figure 1. The parameters were estimated using 
the Sparse Bayesian method with 16 m. cells size (Oy Arbonaut Ltd 2009). The 
following parameters were estimated for the microsegments: the mean height (HgM) 
weighted by basal area, the dominant height (HDOM), the mean diameter (DgM) 
weighted by basal area, the number of stems (N), the basal area (G) and the volume 
(V) both for total and for tree species. Tree species were classified as pine, spruce or 
deciduous trees. 
 
 
Figure1 On the left, the location of the study area in Kuhmo is shown in dark grey. On the 
right, an example of an area divided into microsegments is shown. 
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2.2 Sampling method 
 
Before sampling, the target group was defined to be microsegments that have 
relevant size for planning purposes. Therefore, the smallest microsegments (those 
under 0.2 ha, comprising approximately 20% of the total number  and 3 % of total 
area) were left out of sampling, as were wastelands, roads, water areas, clear cutting 
areas and young stands under 4.5 meters. The size of the target group in sampling 
was 27 750 microsegments with a mean size of 0.74 ha. The range of microsegment 
area varied between 0.2 and 9.05 ha. Frequency of microsegments in area classes in 
the target group is presented in Figure 2. 
 
Figure 2 Frequency of microsegments in area classes in target group. 
 
The target group was stratified first into six strata according to the expected 
management operation in the near future based on ALS based inventory to make sure 
that the accuracy of microsegments essential to operational forestry will be assessed.  
The strata are shown in Table 1: a. single tree species stands near thinning, b. mixed 
stands near thinning, c. single tree species stands near regeneration, d. mixed stands 
near regeneration, e. single tree species stands with no expected operative action and 
f. mixed stands with no expected operative action. Single tree species stands were 
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defined as those where the major species covers over 80% of the stand volume. 
Defining the need for the thinning and regeneration was based on recommendations 
of Metsätalouden Kehittämiskeskus Tapio (2006) and the laser inventory results. Due 
to the limits of resources and time, it was decided that 60 microsegments would be 
measured. The number of microsegments to be sampled from each stratum is given 
in Table 1. In forest planning, recognising the needs for near future operations is 
important. On the other hand, ALS based inventory results for non-dominant trees 
seem to be less accurate than for dominant trees. Therefore, a little more weight was 
given to mixed species strata where need of management based on laser inventory 
was found. A fixed minimum of eight sampled microsegments was set for each 
stratum. Due the lack of prior information of variance within strata, allocation could 
not be based on it.  
 
Table 1 Number of microsegments in stratum (Nh), proportion of stratum (Wh = Nh/N), 
number of sampled units in stratum (nh) and proportion of sample in stratum (wh=nh/Nh)  
Stratum Nh % (Wh) nh %(wh) 
a) single tree species, thinning 295 1.1 8 2.7 
b) mixed, thinning 1801 6.5 12 0.7 
c) single tree species, regeneration 666 2.4 8 1.2 
d) mixed, regeneration 1838 6.6 12 0.7 
e) single tree species, no management 14045 50.6 10 0.1 
f) mixed, no management 9105 32.8 10 0.1 
Total N = 27750 100  n = 60 0.2  
 
 
The second step was to lay a systematic network of secondary sample units (field 
plots) over the primary sample units. The field plots were fixed sized circles with a 9 
meter radius. The field plots whit centre point inside the microsegment was 
measured. About same amount sample plots per microsegment was aspired. In 
addition, measurements should be easy to carry out in field. Distance between field 
plots varied from 20 meters to 50 meters depending on the size of the microsegment. 
When the area of the microsegment was smaller than 0.5 ha the distance between the 
field plots was 20 meters. The distance was 30 meters where microsegment size was 
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between 0.5 ha and 1.2 ha, and from 1.2 ha to 2.0 ha the distance was 40 meters. 
Plots, whose centre point was inside microsegment, were measured. Finally, when 
the area of the microsegment was equal to or greater than 2.0 ha the distance between 
field plots was 50 meters. In this manner, 483 field plots in 60 microsegments were 
selected. Thus, on the average, 8 plots per microsegment were measured. The range 
of plots in microsegment was from 5 to 14. Coverage of the field plots varied from 
10% to 85 % of the area of the microsegment. The frequency of microsegments in 
coverage classes is presented in Figure 3. 
 
Figure 3 Frequency of microsegments in coverage classes of field plots. 
 
In this study one third of field plots was touched by the boundary of a microsegment. 
Due to the relatively small size of microsegments compared to size of typical 
compartments, the effect of the boundary could not be ignored. The size of trees near 
boundary may differ from the size of interior trees. This problem can be disposed of 
with for example a mirage method or a walkthrough solution (Ducey et. al. 2004, 
Gregoire & Valentine 2008). One aim of this study was to estimate variation between 
sample plots in microsegments using fixed size plots. Therefore, the mirage method 
was better suited for the purposes of this study. The mirage method was developed 
by Schmid-Haas (1969). In the mirage method, first all trees inside the intersected 
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plot are measured. Then a mirage point is reflected on the opposite site of the 
boundary than original centre point of the sample plot locates. Those trees that stand 
intersection of the original plot and the mirage plot are measured again.  
 
2.3 Data collection 
 
A Field Computer (MaastoGIS) was used for navigation to the centre of the first field 
plot in a microsegment and for recording the centre point of at least one field plot 
from each microsegment. With a measuring tape and Bussoli (compass), the 
locations of other field plots in microsegment were established from this known 
centre point. The characteristics of the trees in the field plots were measured by three 
pairs of measurers. The measurements were carried out between 13th May and 26th 
June 2009. In total, 121 measuring days and 795 hours in the field were recorded. 
This is equal to about 50 minutes per field plot per group. The time reported excludes 
travelling time by car.  
 
The measured attributes were diameter at breast height (cm) and height (m). In 
addition, on selected 150 plots, distance from centre point of each tree to the centre 
of field plot was measured. Tree species and diameter at breast height were recorded 
for each tree with a diameter over 5 cm at breast height. The diameter was measured 
and saved with Masser Excalipers set to 0.1 cm accuracy. The height was measured 
of every 7th tree by species using a Vertex and 0.1 m accuracy. The height of the 
trees measured was also saved in the Masser Excalipers. In addition, a Vertex was 
used to check that trees stand inside the sample plot and to measure the tree distance 
from centre point on the 150 pre-selected plots. The collected data was saved to a PC 
every day at the office. 
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2.4 Analysis of data 
2.4.1 Basic calculations 
 
After aggregating and checking the collected data, basic calculations were carried out 
for every tree, k. The basal area was calculated with equation 1. 
 
4
2
k
k
d
g
  (1) 
, where  
kg = basal area of tree, k 
kd = diameter of tree, k 
 
A linear mixed model was used to estimate the height for other trees than height 
sample trees. The appropriate model was selected with guidelines of Mehtätalo 
(2008) from various options including the Power equation, the Meyer equation, the 
Korf Curve and the Näslunds equation (see appendix 1). The Näslunds equation met 
the assumptions best on the model form and residual errors (see appendix 1). The 
height model was generalized to cover the population. A constant ( 0

a ) and a 
coefficient ( 1

a ) were defined for each microsegment. The model error was fixed. 
The non-linear form for height estimator is according to Eerikäinen & Korhonen 
(2001) 
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, where  
0

a = parameter for constant of each microsegment 
1

a = parameter for coefficient of each microsegment 
 = standard error 
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Stem volume was calculated with regression models based on diameter and height 
(Laasasenaho 1982). The volume for deciduous trees was estimated with the 
Laasasenaho (1982) regression model for birch. 
 
After treewise basic calculations, mean values of characteristics were calculated for 
every field plot j. Means of diameter and height were weighted by basal area. 
 
Table 2 Range in sample and means in target group of the measured and laser prediction 
attributes (means weighted by proportions of subpopulation). In last column, means of 
reference study of Packalén & Maltamo (2007) are shown. 
 Measurement data Laser prediction data P & M (2007) 
 Range Mean Range Mean Mean 
Pine   
   V, m3 ha-1 9.6 – 218.6 65.9 14.5 – 182.1 70.6 98.7 
   G, m2 ha-1 1.6 – 23.1 9.8 3.0 – 19.6 10.5 12.1 
   N, ha-1 46 – 1395 580 157 – 1160 625 569 
   d, cm 10.7 – 37.2 18.0 9.9 – 33.1 18.0 20.3 
   h, m 7.6 – 21.3 12.6 8.5 – 20.4 12.7 16.6 
Spruce      
   V, m3 ha-1 0.0 – 136.1 21.4 0.0 – 118.7 18.5 82.7 
   G, m2 ha-1 0.0 – 19.7 3.5 0.0 – 16.5 2.9 9.7 
   N, ha-1 0 – 1549 274 0 – 900 207 630 
   d, cm 0.0 – 37.3 15.5 0.0 – 22.6 16.2 12.7 
   h, m 0.0 – 21.4 11.4 0.0 – 14.8 11.8 11.1 
Deciduous      
   V, m3 ha-1 0.1 – 92.0 17.0 0.0 – 69.7 14.2 22.0 
   G, m2 ha-1 0.0 – 15.7 3.1 0.0 – 9.8 2.2 3.0 
   N, ha-1 5 – 1749 396 0 – 883 204 318 
   d, cm 6.1 – 35.1 12.7 0.0 – 19.8 12.2 11.3 
   h, m 4.7 – 20.5 10.8 0.0 – 15.5 11.5 12.6 
Total      
   V, m3 ha-1 23.7 – 285.8 104.3 39.6 – 254.4 103.3 203.4 
   G, m2 ha-1 5.3 – 35.8 16.4 7-0 – 32.3 15.6 24.7 
   N, ha-1 400 – 2594 1250 497 – 1990 1035 1517 
   d, cm 9.1 – 32.6 16.4 8.5 – 27.5 17.0 - 
   h, m 7.4 – 20.9 12.1 7.9 – 17.7 12.5 - 
   hdom, m 9.0 – 22.7 14.0 11.0 – 20.0 14.0 - 
 
Finally, the values for stand parameters for every microsegment i in the sample were 
calculated. Range and mean values of characteristics are shown in Table 2. 
Averaging effect of ALS method appears clearly in the ranges. The means were 
extended to the target area by weighting with the area of microsegments and 
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proportion of subpopulation. The highest difference in comparison of means between 
control measurement and ALS data can be found in stem number of deciduous trees. 
The mean stem number of deciduous trees is twice as big as in the ALS estimation.  
 
2.4.2 RMSE and Bias 
 
In recent studies, the reliability of estimates is typically tested in terms of the root 
mean squared error (RMSE) and the bias (e.g. Packalén 2009, Maltamo et. al.2009, 
Holmgren 2003, Næsset 2004). In the case study at Kuhmo, accuracy requirements 
set for provider were the same as achieved in research of Packalén & Maltamo 
(2007) taking into account that mean volume and other characteristics are smaller in 
Kuhmo. The RMSE (equation 3) and the bias (equation 5) were therefore calculated 
to check the compliance. The total error variance includes the error variances of both 
methods and the error variances that might consist of measurement or sampling 
errors or both of them (Kangas & Lappi 2009). To get closer to the true error 
variance, the error variance of the control measurements (see equation 4) was 
reduced from MSE in accordance with Kangas 2006, Ghosh et al. 1995, Haara & 
Korhonen 2004 and Laasasenaho & Päivinen 1986. Furthermore, the relative values 
of RMSE and Bias were calculated by dividing the absolute values with the means. 
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iY  = (mean value of) observed attribute y in microsegment i 

iY  = ALS estimated value of attribute y in microsegment i 
hijY = observed attribute y in sample plot j in microsegment i in stratum h 
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hn  = number of sampled microsegments (size of sample) in stratum h 
hin  = number of plots in microsegment i in stratum h 
L  = the number of strata 
hW  = the proportion of stratum h 
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2.4.3 Confidence intervals 
 
Another possibility to analyse the level of agreement between the two methods is to 
create the confidence intervals for measured attributes and to check whether the 
identity lines are inside these intervals (Maltamo et al. 2009, McRoberts 2008, 
McRoberts et.al. 2007). First, for each attribute standard error of the mean (SE) in 
every microsegment i was calculated (equation 6). Secondly, confidence intervals for 
each microsegment i were formed (equation 7). 
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, where 
jiY  = measured value of attribute y in sample plot j in microsegment i 
_
iY  = mean value of attribute y in microsegment i 
in  = number of sample plots in microsegment i 
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, where 
t = t-value (two tails 95%) 
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2.4.4 Bland-Altman plots 
 
Assuming that absolute truth of attributes remains unknown and that neither the 
control measurements nor the ALS-based inventory is supposed to be completely 
exact, the Bland-Altman plots can be a feasible method on comparing agreement 
between methods (Kangas & Lappi 2009). In the Bland-Altman plots the mean 
difference of attributes (Bdif) between the control method and ALS-method is 
calculated with equation (8) and is plotted against the average value of attributes. 
The bias is presented with line showing the mean of the differences.  
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, where 
_
iY  = observed attribute y in microsegment i 

iY  = ALS estimated value of attribute y in microsegment i 
n  = number of microsegments 
 
The standard deviation was calculated with following equation (9). If distribution of 
differences is normal, 95 % of observations should be between the lines of mean 
difference ± 2SD. 
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2.4.5 Tolerance limits 
 
While neither of the methods is assumed to be completely exact, the easiest way to 
interpret the agreement between methods is to estimate the proportion of differences 
within pre-defined tolerance limits and combine them with the Bland-Altman plots 
(Kangas & Lappi 2009).  The tolerance limits were defined with respect to the mean 
of control and ALS measures. The proportion of differences between tolerance limits 
proves the agreement between methods and approval can be perceived directly by 
plots. The demanded proportion should be defined on order of ALS-based inventory.  
 
2.5 Estimation of optimal sample size 
 
The optimal size of secondary sample units was studied by variance within 
microsegments. The aim was to find a point where the variance within microsegment 
does not notably decrease anymore while radius of sample plots in mircosegment is 
increased. Five randomly selected microsegments from every stratum and five field 
plots in those selected microsegments were used for the estimation of minimum 
variance. On those plots (n = 150), the distance was measured from the centre of 
every tree to the centre of the field plot using a Vertex with 1 cm accuracy. The mean 
variance of total volume and the volume of different tree species, 

n
i
iYn 1
_
)var(1  (see 
also equation 4), was calculated with 9, 8, 7, 6, 5, 4 and 3 meter radius. The optimal 
amount of sample plots was calculated using equation 10.  
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t = t-value 
S = allowed deviation 
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3. Results 
 
In Table 3 both the absolute and the relative RMSE values are presented with and 
without (-vari) sampling error at microsegment level. In the same table the RMSE 
values in study of Packalén & Maltamo (2007) are also shown. The relative RMSE 
values of most attributes are higher in this study than in study of Packalén & 
Maltamo (2007). The reason for this is that the means of stand characteristics in this 
study are lower than in study of Packalén & Maltamo (2007). For example, the mean 
stand volume in this study is only half of the mean stand volume in study of Packalén 
& Maltamo (2007). Furthermore, the amount of spruce is much lower in this study 
(see also Table 2).  
 
Table 3 Estimated RMSE over the inventory area. In last two columns RMSE in study of 
Packalén & Maltamo (2007). 
 
RMSE RMSE
(%)
RMSE
-vari 
RMSE 
-vari(%)
RMSE 
 
P&M 2007 
RMSE 
 (%)
P&M 2007
Pine   
   V, m3 ha-1 21.8 33.1 17.6 26.6 27.7 28.1
   G, m2 ha-1 3.0 31.1 2.4 24.5 3.3 27.1
   N, ha-1 217 37.4 176 30.4 232 40.8
   d, cm 2.9 15.9 2.4 13.6 3.4 16.9
   h, m 1.3 10.6 1.2 9.5 1.4 8.5
Spruce   
   V, m3 ha-1 13.6 63.3 10.1 47.3 27.0 32.6
   G, m2 ha-1 2.4 68.1 2.0 57.1 3.1 31.3
   N, ha-1 226 82.6 211 77.1 240 38.1
   d, cm 6.2 40.0 6.1 39.0 2.6 20.2
   h, m 4.3 37.5 4.2 36.8 2.0 17.6
Deciduous   
   V, m3 ha-1 11.8 69.4 10.2 59.8 13.7 62.3
   G, m2 ha-1 2.3 74.4 2.1 67.5 1.6 52.5
   N, ha-1 379 95.7 359 90.7 151 47.6
   d, cm 5.0 39.3 4.8 37.7 2.9 25.3
   h, m 3.8 35.0 3.7 34.4 2.3 18.4
Total   
   V, m3 ha-1 15.1 14.5 6.8 6.5 21.1 10.4
   G, m2 ha-1 2.6 15.7 1.7 10.3 2.1 8.6
   N, ha-1 420 33.6 390 31.2 241 15.9
   d, cm 1.6 9.6 1.3 7.7  -
   h, m 1.1 9.6 1.1 9.1  -
   hdom, m 1.3 8.9 - -  -
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The absolute RMSE values are mostly lower in this study than in study of Packalén 
& Maltamo (2007). Exceptions, marked with bold typeface in Table 3, can be found 
in the stem numbers of total and deciduous trees, as well as diameter and height of 
spruce and deciduous trees. In addition, the absolute RMSE for basal area of 
deciduous trees is higher in this study than in study of Packalén & Maltamo (2007). 
 
Both the absolute bias and the relative bias are presented in Table 4. The bias is also 
shown in different strata. Total volume and basal area were slightly underestimated; 
instead mean height and mean diameter were slightly overestimated.   Volume, basal 
area, mean height and stem number of pine were overestimated, but mean diameter 
of pine was underestimated. All attributes of spruce and deciduous trees were 
underestimated. The most biased was stem number of deciduous trees. The area was 
scanned in autumn 2008 and control measurements were carried out in May and June 
2009. The growth season started in Kuhmo in the first week of June and radial 
increment was only 25% of total by mid summer (Henttonen et. al. 2009). Thus, the 
growth does not explain the underestimation in total volume and basal area. Instead, 
the underestimation seems to be in mixed stands (strata b, d and f) and 
underestimation in basal area mainly in stands with no expected managements. 
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Table 4 Estimated Bias over the inventory area. (a. single tree species stands near thinning, 
b. mixed stands near thinning, c. single tree species stands near regeneration, d. mixed stands 
near regeneration, e. single tree species stands with no expected operative action and f. 
mixed stands with no expected operative action) 
 
Bias Bias
(%)
Bias 
a
Bias 
b
Bias 
c
Bias 
d
Bias  
e 
Bias  
f 
Pine    
   V, m3 ha-1 -4.7 -7.1 0.08 0.35 0.11 0.71 -4.41 -1.53 
   G, m2 ha-1 -0.6 -5.8 -0.00 0.05 0.01 0.03 -0.45 -0.20 
   N, ha-1 -34.1 -5.9 -0.31 0.42 -0.72 -2.66 8.99 -39.83 
   d, cm 0.4 2.3 0.00 0.06 0.02 0.04 -0.12 0.41 
   h, m -0.2 -1.3 0.00 0.05 -0.00 0.07 -0.33 0.04 
Spruce    
   V, m3 ha-1 4.1 18.9 -0.06 0.28 -0.18 0.74 1.15 2.13 
   G, m2 ha-1 0.9 24.2 -0.01 0.05 -0.03 0.10 0.26 0.48 
   N, ha-1 73.2 26.7 -0.70 -0.49 0.18 8.96 16.42 48.81 
   d, cm 1.5 9.4 -0.01 -0.03 -0.12 -0.00 1.48 0.15 
   h, m 1.3 11.6 -001 0.01 -0.09 0.01 1.07 0.33 
Deciduous    
   V, m3 ha-1 2.4 14.1 -0.02 0.02 -0.05 0.08 1.09 1.27 
   G, m2 ha-1 0.8 27.6 -0.00 0.05 -0.01 0.00 0.31 0.49 
   N, ha-1 201.7 50.1 0.26 17.09 -0.40 -1.28 57.43 128.57 
   d, cm 2.2 17.3 0.01 -0.02 -0.02 0.14 1.89 0.19 
   h, m 1.1 9.8 0.01 -0.03 -0.02 0.08 1.19 -0.18 
Total    
   V, m3 ha-1 1.8 1.7 -0.01 0.65 -0.12 1.53 -2.16 1.87 
   G, m2 ha-1 1.1 6.9 -0.01 0.14 -0.02 0.13 0.13 0.77 
   N, ha-1 240.7 19.3 -0.75 17.02 -0.95 5.02 82.85 137.54 
   d, cm -0.4 -2.3 0.01 -0.01 0.03 0.05 -0.13 -0.34 
   h, m -0.5 -3.9 0.01 0.00 0.01 0.07 -0.31 -0.26 
   hdom, m 0.1 0.5 0.00 0.03 0.02 0.16 -0.10 -0.04 
 
 
The (95 %) confidence intervals were calculated for each attributes in each of the 
microsegments. Figure 4 shows the confidence intervals of total volume, basal area, 
mean diameter and mean height. When the confidence intervals includes the identity 
lines in 95% cases, the estimations can be approved (see also appendix 2). The 
identity line is not included in confidence intervals in 3.3% observations for total 
volume, 5% observations of basal area, 25% observations of mean height and 11.7% 
observations of mean diameter. The confidence intervals of total volume, basal area, 
mean height and mean diameter were reasonably narrow. The same situation was 
with height and diameter of pine (appendix 2).  The confidence intervals of stem 
number were large (appendix 2).  
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Figure 4 The confidence intervals of total volume, basal area, mean diameter and mean 
height. The vertical lines indicate the confidence intervals in microsegments. The confidence 
interval lines should be intersected the identity line in 95% of estimations. 
 
The same information can be interpreted using the Bland-Altman plots (Figure 5 and 
appendix 3). The bias is described by the Bland-Altman plots with a mean of 
difference line (control – laser, see also equation 8). The trend line describes the 
relationship of variances between ALS-based inventory and control measurements 
(scale shift). To some extent, the trend line shows bias (position shift). The upward 
trend line demonstrates that the variance of the control measurements was bigger 
than the variance of ALS-based method, as seen in most plots in appendix 3. The 
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range of attributes in control measurements is wider in most cases (Table 2).  The 
opposite trend can be seen in three plots (diameter of spruce, height of spruce and 
height of deciduous). In the plot of the diameter of deciduous trees, the trend line is 
horizontal.  
 
 
Figure 5 The Bland-Altman plot for total volume, basal area, mean diameter and mean 
height. Difference is control – laser. Thinning, regeneration and no management based on 
laser inventory. 
 
If normal distribution of differences is assumed, 95% of observations should be 
between ±2SD lines. The ±2SD lines for stem numbers are relatively large, which 
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might imply a highly skewed distribution. In Figure 5 it can be easily seen that the 
total volume and basal area were underestimated because the mean of difference line 
is clearly above the zero line. Although results seem to be good in general, those 
observations outside the ±2SD lines are in strata which are important to operative 
forestry, namely thinning and regeneration (see Figure 5). Precisely estimated basal 
area provides better basis to decide thinning timing and accurate diameter estimation 
is related to better timing of regeneration. 
 
 
Figure 6 The Bland-Altman plots with 20% tolerance limits for total volume, basal area, 
mean diameter and mean height. Thinning, regeneration and no management based on laser 
inventory. 
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When the tolerance limits are added to the Bland-Altman plots achieving the set 
accuracy limits can be seen immediately (Figure 6 and appendix 3). The 20% 
tolerance limits were used just for example. The tolerance limits might be absolute 
values as well. Inspection of the Bland-Altman plots for mean diameter and mean 
height in Figure 6 reveals that 95% of observations were between 20% tolerance 
limits. Furthermore, it can be seen that 72% of volume estimations and 77% of basal 
area estimations were between the 20% tolerance limits.  
 
 
Figure 7 The variances for volume and different tree species are plotted against radius. 
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The mean variances for total volume and species-specific volume are plotted against 
radius in Figure 7. The point, where the variance within microsegment does notably 
increase while radius of sample plots in microsegment is decreased, was looked for 
to find out the optimal secondary sample size. It can be seen that variance surges 
when the radius of plot decreases from 6 meters to 5 meters.  
 
The result of calculations for needed amount of field plots with 90% and 80% 
confidence and with 10% or 20% allowed deviation is shown in Table 5. Total 
volume can be estimated with 90% confidence allowing 10% deviation when 
measuring six sample plots with 9 meter radius or eight sample plots per 
microsegment with 7 meter radius. Volume of main tree species (in this case pine) 
can be estimated with 90% confidence allowing 20% deviation when measuring as 
above. Volume estimation for minor tree species (in this case spruce and deciduous 
trees) requires more field plots, bigger radius or concession in confidence limit and 
allowed deviation demands. 
 
Table 5 The optimal amount of field plots with 90% and 80% confidence. (t=total, p=pine, 
s=spruce, d=deciduous) 
Confidence 90% 80% 
 S = 10% S = 20% S = 10% S = 20% 
Radius, m t p t p t p t p s d 
9 6.3 15.5 1.6 3.9 3.8 9.4 1.0 2.4 14.7 10.1 
8 7.6 19.1 1.9 4.8 4.6 11.6 1.1 2.9 17.3 13.4 
7 8.4 20.4 2.1 5.8 5.1 14.1 1.3 3.5 17.1 14.7 
6 10.8 23.1 2.7 7.6 6.5 18.5 1.6 4.6 17.0 16.8 
5 14.4 37.7 3.6 9.4 8.7 22.9 2.2 5.7 18.5 19.8 
4 23.7 61.8 5.9 15.5 14.4 37.6 3.6 9.4 18.3 22.0 
3 42.0 81.1 10.5 20.3 25.5 49.2 6.4 12.3 19.4 25.7 
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4. Discussion 
 
Quality assessment can be approached from different points of view. Typically, the 
product is assessed afterwards and possible improvements are made to the already 
completed result. In contrast, process assessment is carried on in real time and the 
product is corrected before it is delivered. Commercial providers assess themselves 
the production of ALS data as a part of production process (Peuhkurinen 2009, 
Savolainen 2009). The process assessment could be enhanced and it could be done 
together with customer. This kind of quality assessment requires high expertise in 
statistics and different methods used in ALS based inventories.  
 
In this study the accuracy of an ALS based forest inventory was assessed with the 
independent control measurements. Control measurements in field are considered to 
be a robust and independent way to assess the accuracy of inventories. However, 
control measurements might include measurement errors. Other sources of error are 
in sampling, in modelling and in calculations (Päivinen 1987). The errors have to be 
minimized and recognised in assessment. In this study, the bias in height models was 
fixed according to Eerikäinen & Korhonen (2001). In addition, the measurement 
errors were minimized by using similar equipments in every group, daily calibrations 
of equipment and thorough measurements. According to Päivinen (1987) the 
proportion of measurement errors is minor in overall error.  
 
The agreement between control measurement and ALS based inventory was analysed 
with RMSE and bias, scatter plots with confidence intervals and tolerance limits 
combined with Bland-Altman plots.  The comparison of the RMSE values between 
different studies was proved to be burdensome. RMSE values depend on the 
characteristics of the studied area and on the method used in each study or 
assessment. RMSE values might not be adequate for operational use. The RMSE 
values can be acceptable but errors might be large in some stands and they might be 
there were operations are needed. In large inventory areas, sampling is necessarily 
needed. Therefore, sampling error should be taken into account somehow when 
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RMSE values are calculated. The magnitude of sampling error and impact of 
sampling design in the quality assessment of large scale ALS based inventories 
should be studied. 
 
In this study, the variance within microsegments was reduced as an average sampling 
error from mean squared error (MSE). The microsegments were used as study units 
instead of traditional compartments. The smaller size of study unit does not 
necessarily mean smaller variance (Hankala 2008, Koivuniemi 2003), but the 
homogeneity was expected due the delineation of microsegment according to height, 
density and tree species. However, high variance in total volume was noticed. This 
might be due the high weighting of strata with no expected management, where 
structure of stands seems to be uneven in Kuhmo.  
 
The RMSEs obtained by Packalén & Maltamo (2007) were used as an accuracy 
benchmark because the same level of accuracy was required by the provider in this 
case. The relative RMSEs of most attributes were higher in this study than in study 
of Packalén & Maltamo (2007), but the absolute RMSE values were mostly lower. 
The exceptions could be seen in diameter and height of spruce and deciduous trees. 
This might be due the structure of forests in Kuhmo, spruce and deciduous trees 
often grow in groups and represent mainly non-dominant species.  Contrary to the 
study of Packalén & Maltamo (2007) and most of earlier studies independent field 
plots (unrelated to reference plots of ALS-method) were used in this study. The use 
of independent control plots may produce less optimistic results, especially in bias.  
This might be the explanation for bigger bias in this study if compared to study of 
Packalén & Maltamo (2007). The largest bias was found in strata with no expected 
management, where the sample size was relatively small and the weight of strata was 
biggest. The adequacy of sample size in those strata should be studied.     
 
Both methods - ALS based inventory and the control inventory - were analysed in 
scatter plots with confidence intervals. In these plots, the errors of each method are 
included (Kangas & Lappi 2009). The 95% confidence intervals are created for 
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observations in control measurements (e.g. Maltamo et. al. 2009). The true value in 
95% cases should be inside these confidence intervals. Therefore, the identity line 
should be inside these intervals in 95% cases, meaning acceptable limit for laser 
estimates. The problem is how to interpret the width of the confidence intervals. How 
wide can they be to be acceptable? In this study, in smallest microsegments field 
sample plots covered almost whole microsegment, but finite correction was not taken 
account. This affects to the width of confidence intervals. As seen in results, 25% of 
confidence intervals for mean height and 11.7% of confidence intervals for mean 
diameter did not include laser estimation. This might be for the reason that 
microsegments were delineated among others according to height. Therefore, 
standard error of mean height was relatively small, which leads to narrow confidence 
limits. In addition, averaging effect of ALS method can be seen as distortion trend of 
observations in relation to identity line in scatter plots. In corresponding Bland-
Altman plots the observations of height and diameter seemed to be acceptable.   
 
With the Bland-Altman plots, assessment of accuracy is considered to be objective, 
because neither of the methods is assumed to be absolute truth (Kangas & Lappi 
2009). The approach differs from former practise in forestry. With the Bland-Altman 
plots the interpretation is easiest after users understand how to read them. But there is 
the same problem than with confidence intervals in scatter plots. What are the 
acceptable level of standard deviation and the width of ±SD lines? In addition, it is 
not easy to distinguish the bias and the variance in one observation. Furthermore, the 
mean difference represents only the bias in sample, however the bias for total 
inventory area have to be known. Combining the tolerance limits to Bland-Altman 
plots makes it easier to interpret the results. The tolerance limits and proportion of 
observation between the tolerance limits should be defined on order of the ALS-
based inventory. Thereafter, a two main of questions still remain: how should the 
observations outside the limits be regarded and how far from tolerance limits should 
they be allowed to be. 
 
Quality assessment using field measurements is costly and time-consuming. In this 
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study an average of 50 minutes was used in each field plot including navigation to 
the plot. Distance measurements on 150 plots were quite laborious and it doubled the 
measurement time in one third of total sample. The knowledge of distance was 
needed for estimation of optimal sample size. Normally, the distance of tree from 
centre of field plot has only to be checked to assure that the tree stands on the field 
plot. The new Masser Sonar calliper combines measurements of diameter, height, 
distance and azimuth to same equipment (Heikkilä 2009). Automatic borderline 
checking will also save time. In microsegments with dense undergrowth establishing 
plot lines was difficult. If navigation to all field plots is done with GPS using a pre-
defined centre point, it would accelerate the establishment of field plots. 
 
The optimal sample size was studied, but the adequacy of sampled units should be 
study properly. The data of this study could be used for it. This data could also be 
used for to study the adequate amount of height sample trees. The mixed height 
models can be formulated with one height measurement of each tree species in stand 
(Mehtätalo 2008). In this study the height of every 7th tree by tree species in every 
field plot was measured. This means about on the average 24 height measurements in 
each microsegment (15 118 measured trees in 483 field plot in 60 microsegments and 
three tree species).  
 
The cost of control in this study was about 70 cents/ha for scanned area. Time 
consumption in measurements can be reduced by rationalizing the field 
measurements. Long distances both from office to target area and from sample unit 
to sample unit, increase costs (travelling costs and time consuming). With proper 
sampling design both costs and time consumption can be reduced while greater 
accuracy is also achieved (Cochran 1977, Gregoire & Valentine 2008) The cluster 
sampling might be one possibility to optimize time use, while the stratified sampling 
is most efficient (Cochran 1977, Gregoire & Valentine 2008). Scott & Köhl (1993) 
presented models and developed a Fortran-program for optimization of optimum 
design, in which the total costs and demanded precision create the basis for selection. 
The sampling design, stratification and allocation should be studied more. The 
variances in this study could be used as prior information for allocation. 
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In the future, quality assessment should be aimed to be simple and easy part of 
inventory process. Even the risk that control measurements may be implemented 
could be the motivation for the service provider to attend the quality of the 
inventories properly. However, when inventories are extended to geographically new 
areas, control measurements might be very useful both from customer’s and service 
provider’s point of view. 
 
5. Conclusions 
 
Based in the RMSE analysis, the accuracy requirements set for the provider of the 
ALS-based inventory in Kuhmo was achieved. The results show that set 
requirements were achieved, if differences between this study and the set 
requirements of the reference research are noticed. Result regarding the bias was not 
so good. The results of inventories should be primary unbiased in total population.  
 
Independent control measurements in field are considered to be robust way to assess 
quality of ALS-based forest inventories before a better method is developed. Due the 
remaining errors in field control, the accuracy assessment has to be done without 
assumption of absolute truth. Therefore, the Bland-Altman plots combined with 
tolerance limits are recommended to be used in interpretation. The accuracy levels 
should be set on order both for ALS based inventories and for quality assessment. In 
addition, bias should be calculated for total area.  
 
One possible method for quality assessment might also be the harvester 
measurements combined with light control measurements. This combination offers 
cost-efficient assessment and quick first accuracy impression of stands in focus at 
forestry. The study of monitoring of ALS-based inventory process from the point of 
accuracy assessment is also recommended. Furthermore, the combination of 
monitoring of ALS-based inventory process and light control measurements directed 
to margins of produced data might be rewarding to study. 
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Appendix 1 (Height model estimation) 
 
Figure 1 The appropriate model was selected among the the Korf curve, the Näslund 
equation, the Meyer equation and the power equation. The Korf curve and the Näslund 
equation seem to be most fitted. Those were selected to fit into data of each microsegment 
and to study the residuals. 
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Figure 2 The residuals of the Korf curve from mywhisker against diameter (d) are presented 
in first row.  The residuals of the Näslund equation from mywhisker against diameter (d) are 
shown in second row. The residuals of the Korf curve from mywhisker against standardized 
diameter (stand.d.) are presented in third row.  The residuals of the Korf curve from 
mywhisker against standardized diameter (stand.d.) are shown in fourth row.  The Näslund 
equation was selected, because it seems to fit slightly better to this study material than Korf 
curve. 
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Figure 3 Validity of assumptions of the model was studied for pine. The model form can be 
seen in the top left plot. The constant variance of residuals can be seen in middle left plot. 
Distribution of residuals in bottom left plot. Distribution and correlation of random effects 
are shown in right hand plots.  
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Figure 4 Validity of assumptions of the model was studied for spruce. The model form can 
be seen in the top left plot. The constant variance of residuals can be seen in middle left plot. 
Distribution of residuals in bottom left plot. Distribution and correlation of random effects 
are presented in right hand plots. 
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Figure 5 Validity of assumptions of the model was studied for deciduous trees. The model 
form can be seen in the top left plot. The constant variance of residuals can be seen in middle 
left plot. Distribution of residuals in bottom left plot. Distribution and correlation of random 
effects are presented in right hand plots. 
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Appendix 2 (Confidence intervals) 
 
Figure 1 Confidence intervals of Volume (both for total and for different tree species) 
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Figure 2 Confidence intervals of Basal Area (both for total and for different tree species) 
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Figure 3 Confidence intervals of Stem number (both for total and for different tree species) 
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Figure 4 Confidence intervals of Diameter (both for total and for different tree species) 
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Figure 5 Confidence intervals of Height (both for total and for different tree species) 
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Appendix 3 (Bland-Altman plots) 
 
Figure 6 The Bland-Altman plot for Volume. Difference is control – laser. Thinning, 
regeneration and no management based on laser inventory. 
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Figure 7 The Bland-Altman plot for Basal Area. Difference is control – laser. Thinning, 
regeneration and no management based on laser inventory. 
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Figure 8 The Bland-Altman plot for Stem number. Difference is control – laser. Thinning, 
regeneration and no management based on laser inventory. 
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Figure 9 The Bland-Altman plot for Diameter. Difference is control – laser. Thinning, 
regeneration and no management based on laser inventory. 
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Figure 10 The Bland-Altman plot for Height. Difference is control – laser. Thinning, 
regeneration and no management based on laser inventory. 
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Figure 11 The Bland-Altman and scatter plots for Dominant Height. Difference is control – 
laser. Thinning, regeneration and no management based on laser inventory. 
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Figure 12 The 20% and 40% tolerance limits combined with Bland-Altman plot for Volume. 
Thinning, regeneration and no management based on laser inventory. 
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Figure 13 The 20% and 40% tolerance limits combined with Bland-Altman plot for Basal 
area. Thinning, regeneration and no management based on laser inventory. 
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Figure 14 The 20% and 40% tolerance limits combined with Bland-Altman plot for Stem 
number. Thinning, regeneration and no management based on laser inventory. 
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Figure 15 The 20% and 40% tolerance limits combined with Bland-Altman plot for mean 
Diameter. Thinning, regeneration and no management based on laser inventory. 
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Figure 16 The 20% and 40% tolerance limits combined with Bland-Altman plot for mean 
Height. Thinning, regeneration and no management based on laser inventory. 
 
 
